Subsequently, Callender proved that ascorbic acid did not increase the absorption of hemoglobin-iron and postulated that this iron was absorbed into the intestinal cells as heme or hemoglobin (6). This hypothesis was supported by observations that hemoglobin-iron was absorbed more efficiently from food than inorganic iron and experiments which showed that ironbinding compounds failed to decrease the absorption of hemoglobin-iron (I 4, I 5, 2 I ). Our studies were performed to provide a better understanding of the mechanisms involved in the absorption of hemoglobin-iron. METHODS 
AND MATERIALS
Male guinea pigs weighing 225-2 75 g were used in this study. Guinea pigs were selected because they absorbed greater quantities of hemoglobin-iron than other laboratory rodents (Table  I ) . Animals were raised in a pathogen-free environment and were fed a standard laboratory diet containing I 2 mg iron/ I oo g dry wt. from intestinal specimens was used to ascertain that washings were complete.
The mucosa was scraped free of the serosa with a glass slide and homogenized in a Teflon grinder.
Heme and nonheme iron fractions were separated by the method of Briickman and Zondek (5). Radioactivity was measured in each fraction. Liver was excised and prepared for analysis in a Virtis tissue homogenizer. Radioactivity was quantified in heme and nonheme iron fractions separated by the method of Brtickman and Zondek (5). Plasma (4 ml) was obtained by exsanguinating each guinea pig and centrifuging the blood specimen. Heme and nonheme iron were separated and the radioactivity measured as described above (5).
Viviperfused guinea pigs were infused with 500 ml physiologic saline; the solution was injected into the aorta after incising the hepatic vein. Then intestinal segments were excised, opened and washed free of Cr51 with 0.9 % Incremental increases in the test dose of iron produced greater differences between the quantity of iron absorbed from doses of ferrous sulfate than from doses of hemoglobin (Fig. I ) .
The absorption of iron from oral doses of hemoglobin and ferrous sulfate was measured in normal, iron-deficient, and iron-loaded guinea pigs. A marked difference in the absorption of ferrous sulfate was observed in the various states of iron repletion; normal animals absorbed 14 % of the test dose, iron-depleted guinea pigs absorbed and I .2-2.0 % of the iron 59. Histologic sections of these specimens were prepared and stained with benzidine and peroxide.
These sections showed benzidine-positive material with inthe intestinal epithelial cells (Fig. 3) . Sections from duodenal loops of guinea pigs that were injected with saline and similarly prepared showed no heme pigment within the mucosal cells.
Biochemical evidence of the absorption of hemoglobiniron as a porphyrin complex was obtained using a modification of the nonheme iron assay of Briickman and Zondek (5). Various segments of the gut were isolated in live guinea pigs and injected with Fe5g-and Cr5r-labeled hemoglobin hemolysates. Two hours later the intestinal segments were excised, opened, and washed until they contained insignificant quantities of Cr51. The mucosa then was scraped free of the serosa and homogenized. Treatment of this suspension with trichloroacetic acid and sodium pyrophosphate released nonheme iron into solution while porphyrin iron was precipitated. Assay of the radioactivity in these fractions showed that most of the Fe59 in intestinal scrapings was in the precipitated heme (Table 3) .
Comparison of the quantity of iron 5g and chromium 5 I found in mucosal segments indicated that Fe5g-la beled heme was absorbed whereas Crsl-labeled globin remained in the gut lumen. To ascertain whether or not heme was split from globin within the intestinal lumen, the intraluminal contents were recovered from isolated loops 2 hr after the injection of hemoglobin-iron 59 and placed in dialysis bags and immersed in 0.2 M tris buffer solution containing 2 mg 8-hydroxyquinoline. About I 3 % of the radioactivity from duodenal contents passed through the dialysis bag into the surrounding solution, indicating that the iron 5g in the dialysate was not bound to a protein c.omplex. Approximately 2 % of the radioiron was removed from the dialysate by the addition of chloroform, suggesting that it was liberated from the heme molecule (Table 3) . Ten percent remained in the aqueous phase and reacted positively with benzidine and peroxide, indicating it was a heme compound. The conversion of hemoglobin to a dialyzable heme compound was studied by in vitro incubation of guinea pig intestinal secretions with hemoglobin labeled with iron 59. Heme formation was maximal in duodenal secretions and seemed to be a heat-labile proteolytic reaction that was active over a wide pH range (Table 5) . That the dialysate contained heme was shown by the electrophoretic migration of the benzidine-positive, Fe5g-containing fraction with albumin and beta globulin, but not haptoglobin, when it was incubated with normal human serum (I 8).
To determine whether or not iron was absorbed more readily from heme or hemoglobin, solutions of heme were prepared by dialysis of mixtures of labeled hemo- The guinea pigs absorbed more iron 5g from the heme dialysate (I I %) than from hemoglobin (6 %) or hemin (2 70) ( Table 6 ). and pigs.
duodenal secretions and Other animals received were used to dose test doses of hemoTransfer from intestinal mucosal cells into the body. Hemoglobin solutions labeled with iron 59 were injected into --isolated duodenal loops. One or two hours after dosing the guinea pigs were killed by exsanguination and the blood was centrifuged to separate red bl .ood cells from the plasma. Radioactivity was detected in plasma but not in washed red blood cells. Heme iron was separated from nonheme iron by the addition of trichloroacetic acid and sodium pyrophosphate to the plasma (5). Although significant quantities of radioiron were detected in the nonheme fractions, most of the iron 5g was in the heme precipitates. Similar treatment of liver homogenates from each animal showed large amounts of radioactivity in heme-iron isolates (Table 7) . Studies of other factors related to absorption of hemoglobiniron. Previous investigation indicated that the quantity of iron concentrated within intestinal cells acts to regulate iron absorption (8). Studies of large groups of guinea pigs in the various states of iron repletion showed a slight but significant relationship between body iron content and the quantity of hemoglobin-iron absorbed (Table 2). To ascertain if any common pathway existed for the absorption of iron from hemoglobin and ferrous sulfate, doses nonradioactive ferrous of hemoglobin-iron 5g sulfate was and nonrad added to oral ioactive hemoglobin was added to oral test doses of ferrous 5g sulfate (Fig. 4) nonheme Fe 5g from duodenal mucosa after administration of an intraluminal dose of hemoglobin-iron 5g indicated that some iron was split from heme within the intestinal cells (Table 3) . Thus ferrous sulfate may inhibit the absorption of hemoglobin-iron by decreasing transfer into the plasma of intracellular iron released from heme rather than affecting uptake from the lumen into the cell. A method for testing this hypothesis was provided by the selective sequestration of iron in duodenal cells following an intravenous dose of iron (8). The intravenous injection of I mg ferrous sulfate significantly decreased the absorption of subsequently administered oral doses of hemoglobin-iron 5g (Fig. 5) . The isolation of only nonheme iron 5g from the intestinal mucosa after an intravenous dose of hemoglobin-iron 5g indicated that heme compounds within the body were not concentrated in intestinal cells (Table  8) globin-iron was relatively well absorbed and that the addition of ascorbic acid or iron chelators failed to affect the absorption of iron from test doses of hemoglobin. These findings led to the hypothesis that hemoglobiniron was absorbed differently than inorganic iron, perhaps as intact heme; but there was no direct proof, and few studies were performed to explain the mechanisms involved (6, 14, 15, 21, 22) .
In the present study guinea pigs were used because they absorbed greater quantities of hemoglobin-iron than other laboratory rodents and permitted direct observations of changes in hemoglobin-iron during the various phases of absorption.
Similar to human studies, we found that the percentage of hemoglobin-iron absorbed decreased with incremental increases in the test dose (2 I ). Likewise, the addition of iron chelators (EDTA) to labeled hemoglobin failed to show a significant decrease in the amount of iron absorbed (15).
The absorption of hemoglobin-iron occurred from all portions of the gut but was maximal in the duodenum. Within the duodenal lumen, hemoglobin was split into a dialyzable heme compound and small quantities of inorganic iron. The quantity of inorganic iron was insufficient to account for the amount of iron absorbed. The absorption of greater quantities of iron from dialyzed heme than from test doses of hemoglobin suggested -that most of the iron in hemoglobin was absorbed in the heme form. That this substance differed from hemin was shown by the poor absorption of iron from chemically prepared hemin in comparison to test doses of either hemoglobin or the heme dialysate.
Preliminary observations have shown that differences in the absorption of chemically prepared hemin and heme dialysates were related to the molecular weight of these compounds. In solution heme polymerized to aggregates of high molecular weight, whereas the dialysate contained degradation products of globin which bind heme to prevent polymerization and form monomeric hemochromes that are readily absorbed (I, 7, 19) .
The failure of iron-binding compounds to decrease the absorption of test doses of hemoglobin-iron and the chemical isolation of heme-iron 59 from the duodenal mucosa provided convincing evidence that the iron in hemoglobin was absorbed into the intestinal epithelium as an intact porphyrin structure. Additional proof of the absorption of heme into the intestinal epithelial cells was
